Experiments to measure shock velocity Of '1 0.8 TPa and % 2
INTRODUCTION
The high-pressure experiments on a shot at the Nevada Test Site (NTS) were designed to generate quite large shocks in some standard material and to measure both the shock velocity Us and the mass or particle velocity Up behind the shock.
The parameters U and U are related through conservation '1P relations to the pressu-e P, specific volume V (= l/P), and specific internal energy E on both sides of the shock. The shock velocity is, in principle, a readily measurable quantity and involves only a determination of the transit time of a shock between two points a known distance apart. Measurement of the particle velocity, however, is more 'difficult. At rather low pressures the particle velocity can be approximated by one half the free surface velocity --a quantity which is not nearly as difficult to measure. At high pressures this is no longer true, but at extremely high pressure (tens of TPa), the Thomas-Fermi model of the atom can be used to calculate the pressure as a function of the specific volume, which can be related to Us as a function of U Several Russian 2-6 P" experimenters have assumed that this theoretical calculation at extremely high pressure could be extrapolated downward in pressure to meet the existing data, in the case of lead, at approximately 1.0 TPa.
Then, with lead as a standard, they used simultaneous measurements of the shock velocity in iron and in lead to determine an EOS point on the iron Hugoniot at 5.0 TPa. They also did similar experiments to determine EOS Hugoniot points for copper, cadmium, water, and quartz.
The main uncertainty in the above experiments lies in the extrapolation of the lead Hugoniot down from high pressures. A determination of several high-pressure points on the Hugoniot for one material would allow it to be used as a standard without requiring a theoretical extrapolation. Then experiments similar to those of the Russians could be based on a more sound experimental standard.
Particle velocities for shock pressures in the region of 2.0 TPa are about 10 mm/ps. If a neutron beam is passed through the material in the direction of the shock motion, then the material behind the shock will see effectively lower energy neutrons than would stationa~y material, and a given neutron resonance in the material behind the shock will remove neutrons of higher energy than if the material were stationary. Thus the position of a resonance observed by a stationary detector will be shifted up in energy, and the amount of the shift will be related to the particle velocity.
(This, of course, assumes uniform motion in the material behind the shock front.)
With these considerations in mind, a search was made for a material to be used as a standard, one of the main additional requirements being that it have a rather high boiling point in order not to be easily vaporized by the neutrons which were to be used to generate the shock. Lead was ruled out because of its anomalously low density and because of its low boiling temperature. Another requirement of the standard was that it not have many low-energy (< 500 ev) neutron resonances in the cross section.
This consideration ruled out tungsten and tantalum.
The best choice of material, with these restrictions, appeared to be molybdenum, and when theoretical considerations indicated that molybdenum was a material whose EOS could be calculated rather accurately, it was chosen for the standard. would allow an accuracy of~2% in the U measu~e-P ments to be obtainedg and were chosen because they provided two rather different molybdenum preheat temperatures and Doppler shifts.
With these basic problems somewhat decided, it remained to design the detailed material configuration for generating the shock and for producing the required low-energy neutrons used to observe the Doppler shifts of the resonances. Since neutrons were required for observing the resonance shifts, one method of generating the shock would be by "instantaneous** neutron-induced fission heating of some fissionable drive material, with subsequent transmission of the shock into an adjacent slab of molybdenum.
The only way to obtain the required large neutron flux would be from an underground nuclear explosion.
If the neutron resonances in the molybdenum itself were used to determine the particle velocity, then the measurement would be averaged over all the material behind the shock.
However, if a thin foil of some other material which would move at the same speed as the molybdenum were used, then the measurement would be localized with the only uncertainty being how closely the foil velocity matched the molybdenum velocity.
(Hydrodynamic calculations indicate that for foils about O.1-mm thick the velocities should be well matched.)
The basic calculations needed for the design wpre thus fourfold.
(1)
A calculation of the neutron transport from the nuclear device to the fissionable driver and the resulting fission heating of the driver and the molybdenum preheat.
(2)
A calculation of the shock strength due to the fission heating and its time history in both the driver and the molybdenum.
(The latter, of course, requires just that information that is being sought:
the shock behavior in molybdenum.) A calculation of the time history of the lowenergy neutron flux from some moderating material placed either below the driver or between the driver and molybdenum.
Calculations of the resonance shaDes and shifts for both the molybdenum and tbe indicator foil.
Calculations 1 and 3 were carried out using MCNG --a neutron-gamma ray Monte Carlo code.
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The calculations of 2, based on the output 11 were performed using the code PAD of the group . The calculations of 4 were carried a code to be described in Sec. II-D.
II. CALCULATIONAL DETAILS AND P.ESULTS from 1, LASL EOS out using
A. Monte Carlo Calculations of Neutron Transport and Heating
These calculations can be divided into four parts:
(1) Those using a monoenergetic 11+-MeV source, (2) those using a "fission" spectrum neutron source, (3) those using OyH3 instead of oralloy to drive the shock into the molybdenum, and (4) those done to ensure uniform heating across the driver surface.
(The symbol Oy stands for oralloy which is composed of 93.5% 235U and 6.5% 23*U. ) Similar geometry was used for parts 1 through 3.
This geometry, using 24 cells in MCNG, is shown in Fig. 1 . The cross sections used were the standard ones in the MCNG library, except for those for 235U
and 23*U. These cross sections were obtained by Doppler-broadening the ENDF-B cross sections to a temperature of 50 eV, the expected temperature of the fission-heated oralloy.
The two important factors in these calculations are the rate of energy deposition in the driver and the ratio of the total energy deposited in the driver to that deposited in the molybdenum.
The larger this ratio, the better the conditions ahead of the shock approximate ambient conditions (i.e., molybdenum at room temperature). Fig. 1 . Drawing of the cell geometry used in the Monte Carlo code MCNG. For most of the calculations, this 24-cell cylindrical geometry was used with the neutrons biased to start in the cone subtended by the oralloy.
In order to reduce the neutron fluence, cells 1 and 2 were filled with (CH2)n and cells 3 and 4 were filled with lead.
Cells 5 and 6 were left void, while the contents of cells 7-12 were varied from run to run in order to optimize the ratio of the energy deposited in the oralloy to that deposited in the molybdenum. The oralloy was placed at a distance of 750 mm from the source and the cell thicknesses were varied from run to run.
The uniformity of heating was determined by comparing the energy deposited in cells 13 and 14 and in cells 15 and 16.
determined.
There are two contributions to the molybdenum heating:
(1) that due to neutron interaction through both elastic and nonelastic events, and (2) that due to the absorption of gamma rays.
The early runs done with MCNG contained no gamma-ray production cross sections for the molybdenum; therefore, all the inelastic events were assumed to Plot of the total energy deposited in the oralloy and OyH3 drivers as a function of time.
The heating pulse is much slower in OYHB and does not reach the 80% level until approximately 290 ns. These heating rates were calculated using the Monte Csrlo code MCNG . The heating is in units of TeV/m3 per source' neutron.
deposit the total gamma-ray energy in the molybdenum.
Later calculations with gamma-ray production cross sect ions for the molybdenum indicated that about two-thirds of the gamma-ray energy produced in the molybdenum was absorbed.
The main mechanism for energy deposit ion in the driver material was fission heating, with gamma heating contributing less than 5%.
The ratio of the heating in the driver to that in the molybdenum ranged from 50 to 200. The smallest ratio was obtained with the 0yH3 driver. However, this is misleading since less e~ergy deposition in 0yH3 is needed to drive a given shock into the molybdenum than for an or alloy driver. This effect results from a better impedance match between the CIyH3 and the molybdenum. The real drawback of the 0yH3 is the fact that the heating occurs relatively 235 slowly . Since the cross section for U is large for low-energy neutrons, the neutrons moderated by the hydrogen produce fission heating at times >> 0.'2o pS after the initial burst. This causes the shock into the molybdenum to have a rather slow rise. In addition to shaping the filter to provide uniform heating of the oralloy, leakage effects at its edges were decreased by surrounding the oralloy with uranium depleted in 235U (D-38). The heating across the oralloy surface was maintained constant to about 5% by using a combinat ion of the filter and the D-38, and the energy deposition reached about 85-90% of its maximum value in m 0.1 ps (see Fig. 8 ).
B. Hydrodynamic Calculations Using Theoretical EOS
In order to predict shock strengths and subse-/ quent histories, one-dimensional hydrodynamic calculations were performed using the code PAD.ll These calculations were at first carried out by J. D.
Jacobsen while a version of the code using the MAPLE and SESAME EOS lfiraries (computer files containing calculated EOS data in tabular form for various materials) was being debugged. Later calculations were performed using a version of the code which allowed for time-dependent energy deposition in the oral loy. catches the shock and initially causes a decrease in the particle velocity for some layers near this front surface, whereas for layers nearer the back surface, at abOut the same time, the rarefaction from the back surface of the preheated molybdenum causes an increase in the particle velocity.
If a foil were placed 3 mm into the molybdenum, the particle velocity at the foil would be constant 
Time (ps)
Plot of the calculated psrticle velocity at several positions in a 15-mm slab of molybdenum when a 10-mm slab of oralloy is used as the driving material. Approximately 8 Terg/g are deposited in the oralloy while 0.1 Terg/g are deposited in the molybdenum, and the pressure behind the shock is 2.1 TPa. The finite rise times are due mainly to the rate of energy deposition in the oralloy. The velocity of the molybdenum near the oralloy is decreased, starting at about 0.7 ps, by the rarefaction propagating into the molybdenum from the oralloy.
The layers of molybdenum near the back surface increase in velocity at approximately 0.8 p.s. because of the rarefaction from the back surface of the preheated molybdenum.
These two effects approximately cancel for the layer at a depth of 4 mm into the molybdenum.
arriving after 0.8 ps wculd see a foil moving with a velocity of~10.5 mm/ps out to a time of about 1.2 ps. Thus a neutron source which produces most of the neutrons at the required resonance energy during the interval from 0.3 to 0.8 us after the initial burst is needed.
The most important requirement is that very few neutrons arrive after 0.8 ps. except that for this case a 14-mm-thick slab of oralloy with a 3-mm layer of (CH)n (e.g., Lucite)
between it and the molybdenum is employed. The thicker oralloy prevents the rarefaction from the surface nearer the device from catching the shock, thus lowering the particle velocity. The structure 4. Plot of the calculated particle velocity at several positions in a 15-mm-thick molybdenum slab. The driver is a 1~-mm-thick oralloy slab with a 3-nnn-thick slab of (CH)n between the oralloy and molybdenum. The total energy deposited in the oralloy was approximately 8 Terg/g and a pressure behind the shock of 2.1 TPa was generated. The structure in the particle velocity as a function of time is due to reflections across the (CH)n layer.
The velocity of a layer 5-mm deep in the molybdenum +s increased at approximately 0.85 ps when the rarefaction into the preheated molybdenum reaches the shock front.
The rarefaction from the oralloy surface does not arrive in time to cause a decrease in velocity.
is due to reflections across the compressed layer of (CH)n.
The period during which the particle velocity is constant has now been shifted out to the time from 0.4 to 0.9 ps. This layer of (CH)n will, however, serve as a source of moderated neutrons. The next task is to determine the neutron spectrum from the (CH)n ae a function of time.
The nature of this spectrum will, to some extent, dictate the energies of the neutron resonances to be used to measure the particle velocity. rig. 5. Plot of the calculated particle velocity at several positions in a 15-mm-thick slab of molybdenum. The shock driver is, in this case, a 15-mm-thick slab of 0yH3.
The rise time is much longer than in Figs. 3 and U because of the lower heating rate for the 0yH3 . The rarefaction from the 0YH3 causes a drop in particle velocity at the front surface of the molybdenum at approximately 0.95 ps, and the rarefaction from the preheated molybdenum causes an increase in the particle velocity at a depth 5 mm into the molybdenum at approximately 0.9 W. The particle velocity is approximately constant at the 3-mm position from 0.5 to 0.9 Ps. code to calculate the moderated neutron spectrum as a function of time.
For the configuration shown in At 0.2 BS most of each material is still at the initial density.
At later times the density of the OyH3 decreases as a rarefaction propagates inward from the left and a shock is driven into the molybdenum at the right. The effect of the preheated molybdenum can be seen as a rarefaction moves inward from the right. The driver is a 12.5-mm slab of oralloy with a 3-mm slab of (CH2)n between the oralloy and molybdenum.
The total energy deposited in the oralloy was approximately 2.5 Terg/g and a shock pressure Of aPProximately 0.8 TPa was generated. The structure in the particle velocity as a function of time is due to reflections across the compressed (CH2)n layer. The velocity at a position 5 mm into the molybdenum is increased at approximately 1.3 PS when the rarefaction from the preheated molybdenum reaches the shock front. This velocity is then decreased at approximately 1.6 ps when the rarefaction from the free surface of the oralloy reaches a given position in the molybdenum. approximately 1.3 Us.
Thus the time during which the particle velocity is constant is longer, but this value is not reached until a later time. Therefore, the moderated neutrons must not reach a foil at this position until after 0.5 vs.
All of the calculations in this section are based on the information that is being sought, namely, the molybdenum EOS. The calculated particle 12 velocities using diffe~ent equations of state vary by as much as 10%, but the time during which the particle velocity is constant has even less variation.
Thus the optimum times during which the moderated neutrons should pass through the molybdenum are rather insensitive to the theoretical molybdenum EOS.
However, the overall calculations are sensitive to the density of the compressed moderator since this determines the timee at which the low-energy neutrons are produced.
c.

Moderated Neutron Spectra
The number of moderated neutrons as a function 10 of time was calculated using the code MCNG, with feedback about the density of the moderator coming from the hydrodynamic calculations. 11 Twenty to thirty minutes of CDC 7600 time were required in order to obtain adequate statistics (30%) on the number of low-energy neutrons emerging from the moderator.
Calculations were performed using (CH2)n and (CH)n moderators at densities ranging from 1.0 to 3.5 times the natural density. As expected, more moderated neutrons were produced by a given thickness of (CH2)n than by (CH)n, but at a density of 3.5 times the natural density, the neutrons from (CH2)n were produced too early in time to be suitable for measuring u . Calculations were also per-P formed using 0yH3 as a mcderator.
Since the 0yH3
expands as it drives a shock into the molybdenum, the 3-mm layer of 0yH3 nearest the molybdenum was assumed to have half the natural density; thus lowenergy neutrons were still being produced at late times.
Based on its overall performance, the OyH3 is not as favorable as the oralloy plus moderator for these experiments. The filter of lead and bononloaded polyethylene was placed in a hole through 114 mm of lead and 50.8 mm of boronloaded polyethylene.
These materials were used to shield the oralloy from unwanted direct neutrons.
The oralloy slab was surrounded by a ring of D-38 to decrease leakage effects from the edge of the oralloy. The Lucite served as a source of moderated neutrons, and when compressed by a factor of % 3.s provided a neutron pulse with a width of 'W 0.5 us for 20-50 eV neutrons. will produce a signal at the detector that shows a dip at the shifted resonance position and a background at the unshifted resonance position. The neutrons arriving after 0.9 US will pass through a foil whose velocity is changing, but hopefully the signal from these neutrons will be small. From Table I The oralloy driver in this case is adjacent to the molybdenum and the 7.5-mm (CH ) moderator is placed 2n 40 mm below the oralloy.
The auxiliary 3-mm slab of oralloy is placed below the moderator in order to decrease the pulse width of the moderated neutrons by compressing the (CH2)n (by a factor of N 2.7).
When a moderator of (CH)n is placed between the omlloy and the molybdenum, the compressed (CH) n produces too many early time neutrons (before 0.5 US).
However, by placing the moderator some distance below the embedded foil, this narrow pulse of neutrons This filter is similar to tbe one shown in Fig. 8 . The oralloy driver for this experiment is adjacent to the molybdenum and only 10-mm thick.
This thickness allows better transmission of the slow neutrons moderated in the 7.5-mm compressed (CH2)n layer placed 40 mm below the molybdenum.
There are essentially no neutrons below 50 eV transmitted through the oralloy, and the pulse width of the 100-200-eV neutrons is approximately 0.4 IIS. The 3-mm oralloy and iron layers maintain a compression of a factor of about 2.7 in the (CH2)n for most of this time. 1-5 5-10 10-20 20-50 50-100 100-200 200-500
Calculation of Expected Structure in the LowEnerp,y Neutron Flux Energy(eV) Fig. 11 . Plot of the apparent molybdenum cross section at temperatures of 0.7 eV (solid curve) and 7.0 eV (dashed curve). The 7.0-eV cross section was calculated assuming a particle or mass velocity of 11 mm/ps in order to show the Doppler shift at this velocity.
These plots were made using the code described in Sec. II-D.
The 70.93-eV resonance should provide a measure of the molybdenum preheat and of the "average" particle velocity behind the shock. Energy(eV) Fig. 12 . Plots of the calculated transmission of a 15-mm-thick molybdenum slab for the cross sections shown in Fig. 11 . Part (a) shows the transmission at a temperature of 0.7 eV and at a particle velocity of O mm/ps. Part (b) shows the transmission at a temperature of 7.0 eV and at a particle velocity of 11 mm/ps. The regions free of molybdenum resonances are:
< 12 eV, 20-40 eV, 95-125 eV, and > 185 eV. In calculating the cross section for a moving material at a given neutron energy, the velocity of the neutron relative to the material is used to compute the energy to be used in F,qs. (4) and (5).
The transmission of a 15-mm-thick slab of molybdenum is given in Fig. 12 for the cross section of Fig. 11 .
The region below N 38 eV is not complicated by molybdenum resonances except for dips around 12 and 20 eV.
The region from 95 to 125 eV is also uncontaminated, as well as the region above w 185 eV.
The size of all of these dips in the signal will depend upon the thickness of the material ahead of and behind the shock.
For the 12-eV resonance, for example, most of the molybdenum will be behind the shock when the neutrons are produced, and the unshifted dip will be very small.
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13.
Plot of the apparent cross section for natural tungsten at temperatures of 0.7 eV (solid curve) and 7.0 eV (dashed curve). The 7.O-eV curve was calculated at an assumed particle velocity of 11 mm/ps. The 18.84-eV resonance is shifted up to an energy of 26.4 eV and lies on top of the 27.13-eV resonance. However, the cross section of the 18.84-eV resonance is still a factor of 10 larger than that of the 27.13-eV resonance.
The 21.2-eV resonance causes only a minor perturbation in the shape of the 18.84-eV resonance.
The 114-eV resonance is not suitable for measuring the particle velocity because the shifted resonance (132 eV) is obscured by the 131.4-eV molybdenum resonance. The 184.6-and 219.O-eV resonances appear to be suitable for use in the 0.8-TPa experiment.
Tungsten and gold will now be considered for use as the indicator foil. Figure 13 shows the total cross section for natural tungsten at temperatures of 0.7 and 7.0 eV, with a particle velocity of 11 mm/vs being assumed for the 7.O-eV calculation. Table III . The average apparent offresonance signal level should be larger at the early time, but for calculational ease it was assumed to be constant. The dip at 350 p?, corresponds to the shifted 18.84-eV tungsten resonance, and the dip at 600 US corresponds to the shifted 4.906-eV gold resonance.
The locations of these two dips allow a determination of the particle velocity.
The width of the dip at approximately 210 Ds (70.93-eV molybdenum resonance) should allow the preheat temperature of the molybdenum to be determined. Time(~s) Fig. 16 . Plot of the expected signal as a function of time for the 0.8-TPa experiment using a 6LiF fofi at a distance of 25 mO The arrival times of the various energy neutrons are given in Table IV . The dashed line shows the expected signal with no tungsten foil, but includes the effects of the 10-mm slab of oralloy (6.5% 238u) as does the solid line.
The large doublet at N 150 us corresponds to the 131.4-eV molybdenum resonance.
The position of the dip at 130 ps (184.6-eV tungsten resonance) allows the determination of the particle velocity which, for this calculation, was assumed to be 6.0 mm/Us.
For the 2.1-TPa experiment (Fig. 15 ) the large dips at 148 and 241 us are due to the 131.4-and U5.1-eV resonances in the molybdenum shifted by a particle velocity of 11 mm/ps.
The smaller dips at 158 and 270 us correspond to the same resonances at the unshifted energy and are smaller because most of the neutrons at these energies pass through material that is behind the shock front. Table III gives the calculated flight times of the larger shifted (U u P 11 mm/ps) and unshifted resonances in the molybdenum, tungsten, and gold.
For the 0.8-TPa experiment the large dip in rig. 16 at 152 ps is due to the 131.4-eV molybdenum resonance shifted by a particle velocity of 6 mm/us, and the smaller dip at 158 ps is due to the unshifted 131.4-eV resonance in molybdenum. 10-mm oralloy driver between the moderator and the foil, and the dashed line in Fig. 16 shotis the effect of removing the tungsten foil. The dip in the dashed line at 131 LIS is due to the 189. 6-eV 238 resonance from the 6.5% U in the oralloy, while the large dip in the solid line at 129 ps is due to the shifted 184.6-eV tungsten resonance. The log boxes were placed 12.2 m from the molybdenum surfaces. Each foil in the detector cans was viewed by three solid-state detectors connected in parallel to enhance the signal. These detector cans were placed at a distance of about 25 m from the source for the two experiments.
III. CONCLUSIONS
For an underground shot at NTS in the fall of 1973 the neutron detectors for the two high-pressure experiments were placed in vacuum chambers at a distance of 25 m from the molybdenum sample. One explanation for these spurious signals is that scattered neutrons from a nearby line-of-sight pipe prodticed gamma rays in the lead shot surrounding the log boxes, and these gamma rays caused the short air path (50 mm) in front of each log box to glow.
In a similar experiment on a previous shot, in which there was no other nearby pipe for neutrons, the background signal was essentially zero.
The effects of this problem should be greatly reduced by designing the experiment so that there are no nearby pipes and also by using better shielding.
